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Abstract

:

Efficient and robust power electronic converters are vital to the success of the electrification of aircraft. Especially, low voltage auxiliary converters, which usually supply high current and low voltage loads, are not readily available industrially and need special attention. In terms of energy density and efficiency, LLC converters are among the most commonly used and efficient topologies for automotive and aerospace applications. In the case of aerospace applications, a fault-tolerant topology is highly desirable to reduce the need for redundant components and weight by removing backup systems. To solve this issue, this study introduces a new 2.0 kW LLC-based converter with a reconfigurable fault-tolerant architecture. With the help of a specially designed secondary side, the proposed converter can reconfigure itself so that even if one of the semiconductor switches fails permanently, the converter can still maintain power at nominal voltage levels, ensuring that the aircraft’s vital functionality is preserved. This paper also describes the basic operation principle, component-design aspects, conduction loss reduction techniques, and control system algorithm. Finally, a 2.0 kW experimental prototype is built to verify and demonstrate the operation of the proposed reconfigurable LLC converter.
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1. Introduction


The more electric aircraft (MEA) concept is attracting much attention in the aerospace industry [1]. The MEA concepts encourage the replacement of mechanically, pneumatically, and hydraulically driven parts with electrically driven components [2]. Many MEA concepts adopt a new ±270 V dc power distribution standard for main loads and a +28 V standard for auxiliary loads. Figure 1 shows a simplified architecture of such an aircraft power train based on hydrogen fuel cells. The low voltage (LV) 28 V auxiliary converter in MEA presents some significant challenges to the engineers. As the number of loads (sensors, actuators, cooling fans, motor, blowers, and other LVDC loads) tied to it increases, the current requirement of the converter increases in proportion [3]. When employed in more electric aircraft, these DC–DC converters should meet the following requirements [4]:




	(1)

	
High–voltage gain;




	(2)

	
High power density with reduction of volume and weight;




	(3)

	
High conversion efficiency;




	(4)

	
High reliability and redundancy to ensure safe operation even in the event of a system failure;




	(5)

	
MIL–STD–704F (aircraft electric power characteristics) compliance for voltage regulation on the ±270 V dc–bus.









The family of resonant converters is often seen as an ideal candidate for ancillary DC–DC converter applications due to the inherent galvanic isolation feature as well as the ability to achieve soft switching in semiconductor switches when certain operating conditions are satisfied [5,6,7,8,9,10,11]. Furthermore, reducing the size and weight, increasing the overall efficiency in power converters by using a higher switching frequency, and decreasing the size of the magnetic components are well aligned with the goals of the MEA concept. There are several possible topologies that can be suitable for the auxiliary converter. The dual–active–bridge (DAB) converter can control power flow bidirectionally with a phase-shift PWM modulation technique. However, due to the transformer’s complex design and increased component count, this converter may only be limited to high–voltage low-current applications [12]. The interleaved boost with coupled inductors converter (IBCI) is a modification of DAB where the high-frequency transformer is substituted by two coupled inductors. However, this converter is only limited to low-voltage applications with a very narrow input voltage range [13]. Finally, the series resonant converter (SR) and the LLC converter are very popular typologies due to the ability of zero voltage switching (ZVS) and zero current switching (ZCS) capability. They can operate with a relatively wider input voltage range with a very simple control system. As shown in Figure 1, the two most typical bus voltage levels for supplying power to low-voltage dc loads in an MEA are 28 and 270 V DC. The standard MIL–STD–704F defines the input voltage variation range during normal, abnormal, and emergency operation. Hence, to achieve a voltage gain with respect to the wide operation voltage requirement, LLC is often seen as the ideal candidate for the MEA 28 V converter.



One other coveted feature in such converters is the fault tolerance [14,15]. Fault tolerance is often referred to as the ability of a converter to retain its operation functionality when one or more component is damaged. Since the auxiliary converter often supplies power to the aircraft’s diagnostic, cooling, control systems, and the cockpit’s sensors, it is of paramount importance to include redundancy or fault-tolerance capability to avoid power loss in the event of a fault. In the field of automotive and MEA, several fault-tolerant concepts are already available [16,17]. They can be briefly categorized into modular converters and switch-level converters.



Ideas presented in [18,19,20,21,22] achieve fault tolerance by introducing additional branches for redundancy in a modular fashion. The addition of modular redundancy increases the reliability of the system. In the event of a fault, the faulty sub module is disconnected and a redundant module will be added to compensate for the lost module. This method increases the number of semiconductor switches and external components based on the number of additional modules employed in the converter. Furthermore, they increase the overall weight and complexity of the system and result in an additional cost of manufacturing.



Another possible way to achieve fault tolerance is by using redundant switches [23,24]. In tandem with the original switch, a redundant switch is installed. This concept for achieving fault-tolerant operation is simple. When the primary switch fails, the redundant switch kicks in to keep the system running [25]. An extra redundant switch with a series-linked TRIAC is added to a buck converter in [26], which allows the buck converter to reconfigure into a buck–boost converter and maintain the output voltage following a switch failure. For converters with many switches, such as full-bridge (FB) resonant converters, adding redundant switches and TRIACs to original switches is not a practical option because the overall cost and volume would degrade as the number of switches increases. In addition to the obvious cost and reliability problems due to the double number of switches, these converters often need to employ several expensive sensors to detect faults on individual switches. The converter presented in [27,28], proposes the use of a resonant L–C converter and configuring it from a full-bridge (FB) into a half-bridge (HB) mode and then using a capacitive and transformer voltage doubler to regain the output voltage. The converter is also equipped with multiple reconfiguration techniques to achieve fault tolerance. The concepts used in [28] are used in this paper along with some modifications in the circuit and control algorithm to make it suitable for low-voltage and high-current applications.



This work describes a reconfigurable LLC-based converter that can be configured in the presence of a fault without considerably adding component numbers or overstressing the components involved. The converter was designed with SiC switches to utilize their superior switching and loss characteristics. This also facilitates the usage of a high switching frequency and the reduction of the size and weight of the magnetic components. The proposed converter aims to achieve fault tolerance and retain functionality if one switch on the primary-side H-bridge gets damaged. The open circuit (OC) and short-circuit (SC) defects are the most common forms of failures in SiC-based semiconductors, according to the literature [29,30]. If one of the SiC switches fails, the converter immediately loses its output voltage. A new strategy is proposed to mitigate this problem where the converter can be converted from an FB LLC to an HB LLC converter. The voltage gain can be doubled with the help of a custom-made transformer and a simple adjustment in the control strategy. A simple cost-effective fault detection circuit for the SiC switches, which can be coupled with the high side gate drivers, is also proposed. Hence, the nominal output voltage and power can still be maintained under fault. The operation principle of the proposed converter is described in Section 2. The converter design and the control system are outlined in Section 3 and Section 4, respectively. Finally, the experimental results are shown and discussed in Section 5.




2. Operation Principle


2.1. Synchronous Full–Bridge LLC Converter


A resonant converter consists of a resonant network made of inductors and capacitors tuned to resonate at a specific switching frequency. The LLC converter consists of a series inductor, a shunt parallel inductor, and a series capacitor, which provide many desired advantages such as the regulation of the output voltage over a wide input voltage variation range and large load fluctuations and the ability to achieve zero-voltage switching (ZVS) over the complete operation area. Figure 2 shows a typical LLC converter circuit schematic. The converter consists of an H-bridge on the primary side and another rectification H-bridge on the secondary side. In order to produce a square-wave voltage waveform, the switches (Q1, Q3) and (Q2, Q4) are gated in a complementary fashion. The switches in question are operated at a fixed 50% duty cycle with an adjustable switching frequency (Fsw). To avoid cross-conduction, a short dead time is usually inserted during the turn-on and turn-off of the complementary switching pairs. The dead time provides a time window for the current to commutate to the body diode to achieve ZVS switching.



The rectification stage consists of full-bridge synchronous rectification FETs operated at the same switching frequency as the primary bridge. The resonant tank is comprised of the resonant capacitance (Cr), and two inductances—the series resonant inductance (Lr) and the transformer’s magnetizing inductance (Lm). When a square-wave voltage is applied to the LLC resonant network, the resonant network produces a sinusoidal current that is amplified or reduced by the transformer and converted to dc in the rectifier circuit. The output capacitor filters the rectified ac signal and outputs a dc voltage. As shown in Figure 2, three unique reactive components make up the resonant tank: Lr, Lm, and Cr. Consequently, the LLC circuits can be attributed to two separate resonance frequencies. The converter normally operates near the main resonance frequency (F0) formed by Lr and Cr (also known as inductive region) to achieve best efficiency. However, if the converter operates below the second resonance frequency F2 created by Lr, Lm, and Cr, the converter enters the capacitive region and the ZVS characteristics are lost. Based on the load condition (full load to partial load) LLC-converter can operate near, under, and beyond the F0 frequency and still achieve ZVS naturally. The converter can obtain gains equal, more, or less than unity based on the operation frequency. It is worth noting that the switching frequency determines the mode of operation. The determination of other key design parameters is discussed in Section 3.




2.2. Proposed Converter


Under permanent failure conditions, SiC switches can go into one of two states: open circuit (OC) or short circuit (SC). Such failures, particularly in the SC situations, might lead to catastrophic destruction to the power source. The auxiliary converter must be switched off in such instances to protect the fuel cell, which will cause power loss in auxiliary components like sensors, and fans/blowers, which are dependent on the said converter’s power supply. When a failure is identified, the proposed converter uses the already failed switches to reconfigure the primary side of the converter to a half bridge (HB). While the converter enters this mode of operation, it should be able to supply limited power to the auxiliary loads without sacrificing its critical functionality. The proposed converter is depicted in Figure 3. The proposed converter has a structure identical to that of a full-bridge LLC converter, except that the secondary side has an extra branch made up of two MOSFETs (S5 and S6). This extra leg is energized when the switch S7 is continuously turned on. The switch S7 can be a semiconductor switch or a fast–acting relay. In addition, the transformer (Tr) has a secondary and tertiary winding with the same turns ratio with respect to the primary side. The three nodes of the transformer windings on the secondary side are connected to the switch nodes of bridges, respectively. In case of a fault, these additional components are utilized to create an active voltage doubler and regain the nominal output voltage and current. The detailed operation principle is described in the next section.




2.3. Operation under Fault


The reconfiguration of the converter is described by using a hypothesized potential fault situation. Here, the switch Q3 in Figure 3 is permanently damaged during operation by a SC fault. As a result, the faulty full bridge does not produce a symmetric waveform. To achieve fault tolerance, the following steps are taken:




	
To reconfigure the primary side of the converter to an HB, the switch Q4 is open–circuited permanently. Since Q3 is permanently short–circuited, the switch Q3 is henceforward assumed as a permanent short–circuited path and utilized as part of the current commutation path as a closed link.



	
The switches Q1 and Q2 are now gated with complimentary PWM control signals, which form the HB circuit. This can be observed by looking at the current paths of the primary side of the converter in Figure 4 and Figure 5.



	
Simultaneously, in the secondary bridge, the switch S7 is turned on continuously, and the bottom node of the transformer is connected to the middle node of the switch–pair S5, S6. Since the switches S4 and S3 are no longer part of the rectification circuit, they are deliberately left open–circuited by turning their respective gate signals off and are unused for the duration of this mode.



	
Since S5 and S6 are available in the secondary rectification path, S1, S6, and S5, S2 are switched in a complementary fashion to achieve a synchronous rectification. Note that by choosing this configuration, both the secondary and the tertiary windings of the transformer are energized.








Topologically, an HB can only produce half of the voltage of an FB configuration. Hence, if the secondary side had not been reconfigured, the voltage gain of the converter would be halved [28]. This difficulty is mitigated by the transformer employed in this converter. As in the reconfiguration mode, the transformer’s secondary and tertiary windings are both simultaneously energized, the effective turns ratio changes from n:1 to n:2 (where n is the turns ratio), effectively doubling the voltage of the half–bridge output. Since the effective turns ratio is halved, the voltage gain doubles, and the nominal output voltage is restored. The current path of the primary and secondary sides in the reconfigured settings during the positive and negative half of the cycle is shown in Figure 4 and Figure 5, respectively. The key switching diagrams for fault–free and under–fault operations are depicted in Figure 6. It is worth mentioning that the resonant inductor will experience double the root–mean–square (RMS) current with respect to the normal operation mode (inductor rating must be increased ), and the resonance capacitor will have double the voltage ripple with a dc offset (it requires capacitors with higher voltage ratings). In summary, in the occurrence of a SC/OC fault, the converter reconfigures itself to an HB configuration and the transformer with a modified turns ratio and, combined with a couple of new switches, doubles the voltage of the output of the rectification stage so that the output voltage at the load side remains the same.



The proposed converter can only withstand a fault in one of the switches on the primary side. If a failure is detected in the secondary side switches, the secondary can be also reconfigured as mentioned in [28]. However, this is not included in the scope of this paper and is not discussed.




2.4. Fault Detection Mechanism


Since the SiC MOSFETs are particularly vulnerable to short circuit currents and typically exhibit limited SC withstand capability, the response time of the fault detection and protection circuit is highly critical. Several methods of fault detection have already been reported [29,30,31,32]. A possible method for detecting short circuits in SiC switches is shown in Figure 7. This method described below can be used to detect overcurrents and short-circuits in SiC switches in each of the H–legs (typically known as high-side (HS) and low-side (LS) switches), with a combination of HS–LS gate drivers [33]. SiC gate drivers normally provide a positive pulse (typically of 15–18 V) to turn on and a negative pulse (typically −3 V to −4.5 V) to turn off the switch. The proposed detection circuit needs access to the gate and source pin of the HS and LS MOSFETs, as well as an additional connection to the drain the pin of the MOSFETs. The fault-detection hardware works in the following way: during the occurrence of an overcurrent fault (OCS) on either of the switches (here only a fault in HS switch Q1 is considered), the current through the HS switch rises rapidly until saturation voltage is reached. Hence, reading the drain-source voltage (VDS) speedily becomes very critical. The high-voltage (HV) diode D1 between drain and source of switch Q1 becomes forward-biased when the gate driver attempts to turn on Q1. The resistance bridges R2 and R3 parallel to D1 sense this voltage drop (VDS + voltage drop across D1) and compare it (Comparator1) with the set reference voltage Ref1 to trigger the protection stage and send a fault flag to the onboard master controller. A similar circuitry can be employed on the low side to detect such faults as well. If the overcurrent fault persists for a predetermined number of cycles, the corresponding switch can be deemed as permanently failed (SC failure). The open-circuit (OC) detection is relatively simpler and can be done by monitoring each of the switching node voltage with respect to ground with a resistive voltage divider and monitoring the pulses with a controller. If the controller no longer detects a square pulse, a switch in the corresponding leg is faulty and has an overcurrent failure.



Beside the detection of large OCS or SC, it is also important to withdraw the gate signal to the affected switch efficiently, in order to try to save it. However, if a SiC MOSFET is turned off hard while it is carrying a high amount of drain current, it will introduce considerable VDS ringing across the switch. In some cases, they can exceed the absolute value of the VDS and may irreversibly damage the switch. Hence, a two-level turn-off system where the gate voltage is pulled down to a lower value first and afterwards pulled down to a negative value provides an excellent way to mitigate the ringing problem [33]. The circuit explained above can be further adapted to implement a two-level turn-off system. In order to achieve a two-level turn-off, the output signal of the comparator is used to bias the base of switch T1. This in turn, ties Vgs to the 5 V source. After a predefined delay, Comparator2 is triggered, and it signals the gate driver (typically through the EN pin) to withdraw the gate signal. Vgs is hence tied to the −3 V, and the affected switch is finally turned off.





3. Converter Design


3.1. Resonant Stage Design


The design of full-bridge resonance converters for different power levels is described in [34,35]. The main design parameters are F0 (resonance frequency), m (magnetization ratio), n (transformer turns ratio), and Qmax (quality factor). However, the design of key design parameters is an iterative process and must be checked against the physical and operational constraints of the converter. The suggested optimization process is shown in Figure 8.



In this section, the design steps to derive the resonant parameters are described in brief:




	
The first step is to obtain the turns ratio of the transformer. The turns ratio of the transformer depends on the nominal input voltage (Vin,nom), output voltage (Vo), forward MOSFET voltage drop (VDS,on), and the diode forward voltage drop (Vf) and can be obtained from Equation (1).


   n  eq   =    V  in , nom   − 2 ×  V  DS , on      V o  + 2 ×  V f     



(1)







	
Alongside, the maximum voltage gain (Mmax) and minimum voltage gain (Mmin) are to be determined. The voltage gain is the ratio of output voltage and input voltage, and is not a fixed value, if the input voltage of the converter fluctuates. These two parameters are calculated based on design constraints based on Equation (2):


      M  max   =   V  in , max    V  in , nom           M  min   =   V  in , min    V  in , nom        



(2)







In order to deal with overload capacities of the converter, a safety factor of 1.2 is considered.



	
The transformer inductance ratio (m) = (Lm + Lr)/Lr is another important parameter for the design. It is defined by the ratio of the primary magnetization inductance (Lm) and the equivalent leakage inductance (Lr). The transformer inductance ratio (m) is an important parameter that helps shape the gain curve. By selecting a smaller values of m, a higher voltage gain can be achieved with a narrow range of frequency modulation. Hence, lower values of m are more suitable for a wide input voltage range. On the other hand, choosing a small value of m means a very large Lr and a small value of Lm resulting in a very poor transformer coupling and thereby, reducing the efficiency due to a large circulating current [34]. A higher value of m increases the efficiency at the cost of a reduced voltage gain and a narrow range of frequency modulation. Therefore, the value of m is generally set between 3 and 7. An iterative method is normally employed to choose the optimal value of m based on input design parameters.



	
The voltage gain after the integration of the transformer leakage differs from the voltage gain derived in Equation (3) by a multiple of Mv. This is the fixed gain at resonant frequency and it is given by:


   M v  =   m  m − 1     



(3)







Without the integration of the transformer leakage inductance, the gain in Equation (3) is unity [36]. Therefore, the equivalent turns ratio after the inclusion of the transformer leakage inductance is given by:


  n =   n  eq    M v    



(4)







	
The final step is to obtain the converter transfer function to attain the gain curve of the system. The time-domain analysis of an LLC converter is a very cumbersome process as the presence of nonlinear reactive elements in the converter and hence the resulting transfer function is typically nonlinear. To simplify the design procedure, first harmonic approximation (FHA) method is often employed. In this methodology, only the first harmonic signals are thought to contribute to power transfer. As a result, all current and voltage waveforms are presumed to be sinusoidal in nature. The FHA also helps determining the necessary constraints for the primary bridge to achieve ZVS. The transfer function   H ( j ω  ), also known as the voltage-gain function (i.e., ratio of output to input voltage) is shown in Equation (5).


  H  ( j ω )  =  1 n  ·    R  ac    | |  j ω  L m     1  j ω  C r    + j ω  L r  +  R  ac    | |  j ω  L m     



(5)







The real part of Equation (5) can be represented as:


        H ( Q ,  F n  , m ) =          F  n 2   ·  ( m − 1 )       ( m ·  F  n 2   − 1 )  2  +  F  n 2   ·   (  F  n 2   − 1 )  2  ·   ( m − 1 )  2  · Q       



(6)







Plotting the gain vs. the normalized switching frequency with respect to the variable Q values gives an idea of which value of Qmax would satisfy the gain requirement. From Figure 9 it is evident that for m = 6 a Qmax = 0.45 would suffice.



The gain curve is plotted again with the selected value of Qmax = 0.45 and m = 6 and shown in Figure 10. From the intersection of the maximum and minimum gain values, the frequency limit of inductive ZVS operation can be determined. The switching frequency must never go below the frequency where the peak occurs (as the converter enters a capacitive mode and it is not recommended).



	
Finally the resonant tank parameters can be calculated from the following equations:


      F 0  =  1  2 π    L r   C r             Q  max   =  1  R  ac    ·    L r   C r           R  ac   =  8  π 2     V o   I o   =  8  π 2    R 0      



(7)












The designed resonant tank parameters based on the input parameters using the optimization technique described above are tabulated in Table 1.




3.2. Secondary Stage Design


The secondary side of the converter design is critical due to the fact that it must be able to handle and safely rectify a high amount of current. In traditional rectifiers, the rectification is done by diodes in half– or full–bridge configuration. As the converter in hand deals with a large amount of current, a full–bridge rectification stage was considered. However, the diodes in the rectification stage would be particularly problematic because the high forward voltage drop and high on–state resistance would cause huge conduction losses (considering static and dynamic losses) and ultimately result in poor converter efficiency. Although parallel SiC diodes would decrease the dynamic losses to a certain extent, it would not affect the static losses. The conduction loss equation for a diode is given by the following equation:


   P  Diode   =  V  forward   ×  I  Diode , avg   +  R  Diode   ×  I  Diode ,  rms 2     



(8)







Alternatively, instead of the diodes SiC MOSFETs can be used (with very low Ron) and can be operated in synchronous rectification (SR) mode. The conduction loss equation of the synchronous rectifier MOSFET is given by:


   P  cond , MOS   =  R  DS , on   ×  I  Diode ,  rms 2     



(9)







A comparison of the conduction losses (based on LTSPLICE model data) between a SiC–based high–current diode GC2X15MPS12–247 [37] and a SiC–based MOSFET C3M0015065K [38], with respect to current and junction temperature was carried out and is shown in Figure 11. The analysis attest to the fact that for high current applications, the MOSFETs are clearly the superior candidate with respect to conduction losses during continuous rectification operation.



When MOSFETs are used in FB SR configuration, a special controller must be used to use the MOSFETs as diodes. The principle of doing so is the following: when the body diode of the MOSFET starts conducting, the corresponding SR detects the positive anode–cathode voltage and fires the main switch, causing the current to commute from the diode over to the main switch. As a result, the body diode conducts for around 2% of the total conduction time, and during the rest of the forward conduction time, the current flows through the main switch. Due to the superior on–state resistance, the conduction losses, as well as the cooling requirements can be significantly reduced. It is worth mentioning that no commercially available single SiC MOSFETs are capable of carrying such a high current, and hence paralleling several MOSFETs is recommended.





4. Control System


The control system of the power converter ensures the desired behavior of the system and increases its stability. The proposed converter in normal operation mode performs just like the conventional LLC converter. Hence, standard control strategies that employ a voltage–controlled oscillator (VCO) to generate a frequency–modulated PWM can be used [39]. In order to simplify the digital control system design process, the control–to–output transfer can be obtained from a simulated small–signal analysis. The principle of a small–signal analysis is simple: in a converter operating in open–loop mode, a very small sinusoidal perturbation (which does not affect the converter operation) with a variable frequency range is added, and the impact of the injected perturbation on the output variable is derived. The frequency analysis obtained (bode plot) can be further used to derive an approximated transfer function of the plant. The transfer function derived can be further used to derive the PI–based digital controller to establish a closed–loop system.



4.1. Gain Parameter Look–Up Table


The traditional PI–controllers for LLC converters often suffer from the problem of poor regulation abilities with respect to wide input variations and sudden load changes. The problem lies within the fact that a controller with fixed gain parameters is often unsuitable to tackle such disturbances. In order to deal with this problem, a variable gain controller can be used. In order to obtain appropriate gain values for different per unit (p.u) load values, a small–signal analysis was carried out with different load conditions, and suitable gain parameters were derived using a PI–controller tuner to achieve the best regulation, at least 20 dB gain–margin, more than 60 deg phase–margin, and the same settling time for each case. From the analysis, it was evident that the parameter Kp could be left unchanged, but the parameter Ki had to be changed when the load changed. Finally, these values were plotted, and using a curve fitting tool, the best possible curve equation was obtained. To demonstrate the technique, for a given converter parameters Ki for the given converter were obtained and plotted as shown in Figure 12, and the fitted–equation is shown in Equation (10).


   K i   ( x )  = p 1 ∗  x 4  + p 2 ∗  x 3  + p 3 ∗  x 2  + p 4 ∗ x + p 5  



(10)




where (Coefficients with 95% confidence bounds),



p1 = 59.85 (30.97, 88.73)



p2 = −1.428 (−22.85, 20)



p3 = −107.9 (−173.3, −42.42)



p4 = 25.83 (−10.64, 62.3)



p5 = −93.41 (−118.8, −67.97)



This equation can be easily used as a look–up table and can be used to determine an appropriate gain value for different p.u load values.




4.2. Control Strategy


The control algorithm of the proposed converter is shown in Figure 13. Upon initiation of the starting sequence, the converter is powered on with a soft start. Following the start up, a parallel diagnosis state is initiated, which always interacts with the fault–detection circuitry to check for faults in the switches. If there is no fault in the system, the controller enters FB mode, and a look–up table–based PI controller (based on the output voltage and p.u load) generates the PWM signals to drive the LLC converter. In case of a fault, the controller enters one of the following states: overcurrent (OC), short circuit in one switch (SC1), short circuit in multiple switches (SCM), open circuit in one switch (OCK1) or open circuit in multiple switches (OCKM). Upon detection of any of the fault states, the controller shuts down the gate signals and reinitiates the soft–start (SS) sequence to check if the fault persists. If the fault still remains, based on the fault state, the following steps are taken:




	
In case of OC, the load current is limited and it is checked if the fault is cleared. Otherwise, the state is changed to SC1 or SCM based on the number of switches affected.



	
In case of SCM or OCKM, the converter is unusable and the auxiliary battery must be engaged.



	
In case of SC1, the converter enters the HB reconfiguration mode and decides which switches must be used to achieve HB operation based on the logic Table 2. Similar logic can be derived for the OCK1 state.



	
The transition from FB mode to HB mode is accompanied with an SS sequence, in order to reduce the output voltage overshoot caused by the sudden inductive current step.










5. Experimental Results and Discussion


In order to verify the concept and design of the proposed reconfigurable LLC converter, a 2.0 kW converter prototype was built, and experimental results were recorded. This converter was specially modified to conform to popular aircraft and EMI standards. Figure 14 shows a photo of the converter. The input parameters (based on MIL–STD–704) and the resonant tank parameters are listed in Table 1. The converter also featured a precharging circuit for the input capacitors and auxiliary 5 V and 12 V outputs alongside the main 28 V output. These extra power outputs can be directly accessed by different sensors and meters inside the aircraft. The primary side H–bridge consisted of C3M0015065K–based SiC MOSFETs (with a Kelvin connection), which can block up to 650 V and exhibit a very low RDS,on. The secondary side synchronous rectifier consisted of 16 CSD18532KCS [40] MOSFETs (four per leg) and these MOSFETs were controlled by an LM74670–Q1–based [41] dedicated controllers. To ensure clean switching of the primary–side SiC MOSFETs and to avoid cross–talk, CGD15SG00D2 [42] gate drivers were used to drive them. The switch S7 was recreated by using two high–current IGBTs connected in an opposite back–to–back series fashion (capable of blocking current in both directions when turned off). The output capacitor bank consisted of multiple polypropylene film capacitors to deal with very high current ripple requirements. The control algorithm was implemented with an Artix–7–based FPGA board [43], with additional controllable user action buttons and frequency/output voltage/fault display. The look–up–table–based digital PI controller (two–pole and two–zero based) was implemented onto the FPGA. The converter always operated in a closed–loop under all conditions. The embedded code was generated using the Embedded Coder Support Package for the Xilinx Zynq Platform for Matlab 2019a version [36].



The transformer used to achieve fault–tolerance is shown in Figure 15. The transformer was designed with an E–E core (EE100/27.5) and made from SIFERRIT N87 material. The transformer had copper–foil–based secondary and tertiary windings. The windings were arranged in a double–helical winding arrangement. The leakage inductance was achieved with an air gap of 0.75 mm. The measurement of leakage inductance revealed no significant change in leakage inductance when only one or both windings were engaged. Hence, irrespective of whether only the secondary winding or both the primary and the secondary windings were energized, the LLC converter transfer function remained unchanged, and no modification of the control algorithm was necessary.



Initially, the converter was tested for normal operating conditions at full load, where it was excited by a 540 V dc supply and the primary side transformer voltage (Vpri), resonant capacitor voltage (VCr), output voltage (Vo) and inductor current (Ir) waveforms were observed under full load condition. As seen in Figure 16, a 100 kHz square wave switching from +540 V to −540 V is impressed upon the primary side of the transformer, and as a result, the secondary side produces a scaled–down square wave of the same frequency (not shown), and a dc output voltage (o) of +28 V is obtained after the rectification stage. The inductor current is also shown, which has an RMS value of around 4.8 A. It can be seen that near resonance frequency, the ZVS is achieved, which attests to the theoretical analysis.



Finally, the reconfiguration circuit concept was evaluated. A test profile was loaded onto the FPGA and the results imported from the data logger of the oscilloscope are shown in Figure 17. The converter was first powered on to artificially evaluate the fault scenario until it reached the nominal 28 V steady stage. Afterward, switch Q3 was forcefully short–circuited by the controller. As a result, the voltage dipped to around 14 V and stayed there until the detection circuit confirmed the fault diagnosis. The fault situation can also be ascertained from looking at the voltage waveform at the switch node, which no longer produced a symmetric ±540 V waveform. Next, the primary side circuit was reconfigured to an HB, and the secondary side transformer enable switch (S7) was activated, along with a soft start, and as can be seen in Figure 17 the output voltage recovered without sharp overshoots. The current stress on the resonant inductor and the voltage stress on the resonance capacitor was increased when the converter operated in this mode.



The converter waveforms after the fault are shown in Figure 18. As can be seen in the figure, the voltage across the transformer is now ±250 V, which is half of the magnitude compared to that in Figure 16. This is typical for an HB topology. However, due to the activation of both transformer windings, the voltage gain is doubled, and the nominal output voltage is regained. The resonant tank current and the capacitor voltage almost doubled while maintaining the sinusoidal form, and the ZVS characteristics are still retained.



The converter’s efficiency under various load conditions for normal and fault conditions was measured and is shown in Figure 19. The efficiency of the experiments ranges from 90.5 percent to 95 percent during normal operation. Several measurements were carried out to observe the input voltage variation in the range of 500–560 V. Low load conditions on the converter resulted in a lower efficiency since the converter had to switch at a very high frequency to achieve the necessary gain. The fault–mode measurements revealed a drop of efficiency of around 1.5% for high–load conditions. These additional losses can be attributed to the conduction losses in the S7 switch and heavier conduction losses on the primary side due to higher currents.




6. Conclusions


This paper presented a novel fault–tolerant resonant converter concept for high–current low–voltage applications. The mode of operation and reconfiguration strategy was discussed in detail. The converter design steps, fault detection technique, and a look–up–table–based dynamic control strategy were presented. Finally, a 2.0 kW SiC–MOSFETs–based converter was designed with the aid of the aforementioned concepts and experimental results were obtained. The experimental results proved that the converter regained the output voltage under fault and a soft start eliminated any voltage surges during the reconfiguration process. The proposed converter is ideally suited for future full–electric aircraft, where permanent power loss can be avoided in the case of failure in power electronics switches and the need for a bulky external backup battery can be eliminated.
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Figure 1. MEA architecture demonstrating voltage standards. 
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Figure 2. Full-bridge LLC converter topology. 
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Figure 3. Proposed reconfigurable LLC converter topology. 
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Figure 4. Fault-case: direction of current flow during positive excitation voltage on the resonant network. 
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Figure 5. Fault-case: direction of current flow during negative excitation voltage on the resonant network. 
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Figure 6. Wave-form for (left) fault-free operation (right) under-fault operation. 
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Figure 7. Short-circuit detection and turn-off circuit. 
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Figure 8. Iterative optimization process for LLC converter design. 
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Figure 9. Gain curve of LLC converter plotted with m = 6 and variable Qmax 
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Figure 10. Gain curve for m = 6 and Q = 0.4. 
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Figure 11. Conduction losses in (left) diode and (right) MOSFET. 
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Figure 12. Determined Ki vs. % p.u load(x) and the fitted curve. 
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Figure 13. Simplified control logic of the proposed converter. 
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Figure 14. Developed 2.0 kW LLC converter prototype with 28 V/120 A main output and 5 V and 12 V extra outputs. 
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Figure 15. Developed 2.0 kW HF transformer with secondary and tertiary windings and the measurement of leakage inductance. 
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Figure 16. Experimental result of the prototype LLC converter demonstrating: 1. resonant capacitor voltage (VCr), 2. primary side transformer voltage (Vpri), 3. resonant inductor current (Ir), and 4. output voltage (Vo) before fault. 
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Figure 17. Transition of the transformer primary side switch node voltage, output voltage, resonant capacitor voltage, and inductor current, from fault–free to under–fault condition. 
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Figure 18. Experimental result of the prototype LLC converter demonstrating 1. resonant capacitor voltage (VCr), 2. primary side transformer voltage (Vpri), 3. resonant inductor current (Ir), and 4. output voltage (Vo) after fault. 
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Figure 19. Measured efficiency of the prototype converter for different load values and input voltages for normal condition (left) and fault condition (right). 
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Table 1. Design Parameters.
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	Parameter
	Value
	Unit





	Input
	Input voltage max (nom.)
	560
	V



	
	Input voltage min (nom.)
	500
	V



	
	Abnormal Input voltage max (abnormal at 0.02 s)
	660
	V



	
	Abnormal Input voltage min (abnormal at 0.02 s)
	400
	V



	
	Preferred switching freq.
	50–200
	kHz



	Output
	Output voltage (nom.)
	28
	V



	
	Output voltage range
	22–29
	V



	
	Voltage ripple max
	1.5
	V



	
	Output power (nom.)
	2.0
	kW



	
	Output power (max)
	2.3
	kW



	
	Distortion factor (max)
	0.035
	



	Designed
	Leakage inductance
	50
	 μ H



	Resonant
	Magnetizing inductance
	275
	 μ H



	tank
	Resonance capacitance
	47
	nF



	
	Transformer turns ratio
	18:1:1
	



	
	Dead time
	350
	ns



	
	Resonance frequency
	98
	kHz



	
	Switching frequency max
	145
	kHz



	
	Switching frequency min
	67
	kHz
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Table 2. FB to HB reconfiguration logic.
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	Q1 SC Fault
	Q3 PWM
	Q4 PWM
	Q2 Open



	Q2 SC Fault
	Q3 PWM
	Q4 PWM
	Q1 Open



	Q3 SC Fault
	Q1 PWM
	Q2 PWM
	Q4 Open



	Q4 SC Fault
	Q1 PWM
	Q2 PWM
	Q3 Open
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